Metabolic syndrome is a worldwide healthcare issue and a dominant risk factor for the development of incurable diseases that affect the entire body. The hepatic manifestations of this syndrome include nonalcoholic fatty liver disease (NAFLD) and its progressive variant nonalcoholic steatohepatitis (NASH). The basic pathogenesis of NAFLD/NASH remains controversial because it is difficult to clarify the disease process of NASH on the basis of metabolic syndrome alone. To determine the pathogenesis and effective treatment, an excellent animal model of NASH is required. Tsumura Suzuki obese diabetes (TSOD) male mice spontaneously develop diabetes mellitus, obesity, glucosuria, hyperglycemia, and hyperinsulinemia without any special treatments such as gene manipulation. In this study, we examined the histopathological characteristics of visceral fat and liver of 56 male TSOD mice aged 4-17 months and 9 male Tsumura Suzuki non-obesity (control) mice aged 6-12 months. In the visceral fat, enlargement of adipocytes and perivascular and pericapsular CD8-positive lymphoid aggregation were observed in 4-month-old mice. Abnormal expression of tumor necrosis factor-a, interleukin-6, and lipid peroxidation endo products was observed in macrophages. In the liver, microvesicular steatosis, hepatocellular ballooning, and Mallory bodies were observed in 4-month-old mice, with severity worsening with increasing time. These pathological findings in the liver mimic those seen in patients with NASH. Interestingly, small liver nodules with high cellularity and absence of portal tracts were frequently observed after 12 months. Most of them showed nuclear and structural atypia, and mimicked human hepatocellular carcinoma. The degree of steatosis in the non-tumor portions of the liver improved when the liver nodules developed. These findings were not observed in control mice. Here, we report that TSOD male mice spontaneously developed NAFLD without any special treatment, and that these mice are a valuable model for assessing NASH and NASH carcinogenesis owing to metabolic syndrome.
of NASH requires the presence of additional pathogenic factors, such as oxidative stress, endotoxins, cytokines, and chemokines. Although significant research has been conducted, the basic pathogenesis of NAFLD/NASH remains controversial and effective treatments are still unavailable.
Pathologically, macro-and microvesicular steatoses are predominantly observed in zone 3 of the liver in NAFLD patients. In addition, hepatocellular ballooning degeneration, Mallory bodies, megamitochondria, lobular inflammation with neutrophils, and slender fibrous extensions of the perivenular and pericellular areas have been observed in patients with NASH. 4 Furthermore, patients with NASH are at a high risk of ultimately developing cirrhosis and hepatocellular carcinoma (HCC). 5, 6 Although many studies have been conducted to investigate the mechanism of NASH, no firm conclusions have been reached yet because genetic and environmental factors involved in this disease are quite complicated.
To determine the pathogenesis and effective treatment, excellent animal models of NASH are required. Although several animal models have been proposed, many of them are based on genetic defects or special diet-induced factors, so it is difficult to determine the exact disease process of NASH on the basis of metabolic syndrome alone. [7] [8] [9] We previously described a murine model of NASH induced by neonatal subcutaneous injection of monosodium glutamate (MSG), which includes the clinical manifestations of central obesity, diabetes, hyperlipidemia, and ultimately, liver inflammation, fibrosis, and liver tumor, similar to the manifestations that are present in the human liver. 10, 11 Tsumura Suzuki obese diabetes (TSOD) mice are novel polygenic models of spontaneous type-2 diabetes mellitus that develop moderate degrees of obesity, especially apparent in animals more than 11 weeks of age. 12, 13 Unlike MSG mice, male TSOD mice showed glycosuria, hyperglycemia, and hyperinsulinemia without any special treatments. 14 In addition, the pathological characteristics of these mice were also examined under severe circumstances because steatohepatitis and liver nodules were frequently observed in male TSOD mice during preliminary examination. In the present study, we conducted a detailed histopathological examination of the disease process in male TSOD mice. Here, we report that these mice are useful for studying the entire natural history of NASH and its carcinogenetic mechanism without any special treatment.
MATERIALS AND METHODS Animals
Sixty-eight male TSOD mice and 15 male Tsumura Suzuki non-obesity (TSNO) mice were purchased from the Institute for Animal Reproduction (Ibaraki, Japan). TSOD mice were established in 1992 as an inbred strain from the ddy strain; TSNO mice were simultaneously established from the same strain as controls that show neither obesity nor hyperglycemia. 14 Two to three mice were housed in plastic cages in a non-barrier-sustained animal room that was maintained at 23 ± 2 1C with 50 ± 10% relative humidity and a 12/12-h light/dark cycle. All mice were maintained on a basal diet MF (Oriental Yeast, Tokyo, Japan) and chlorinated water ad libitum before autopsy. This study was performed in accordance with the animal experiment guidelines specified by the University of Toyama. For histological analyses, TSOD mice were killed at 4 (n ¼ 11), 6 (n ¼ 3), 7 (n ¼ 7), 12 (n ¼ 12), 14 (n ¼ 8), 15 (n ¼ 10), 16 (n ¼ 3), and 17 (n ¼ 2) months of age and control TSNO mice were killed at 6 (n ¼ 3) and 12 (n ¼ 6) months of age. Additional TSOD and TSNO mice were killed at the age of 1 (n ¼ 6 and n ¼ 3) and 12 (n ¼ 6 and n ¼ 3) months for gene expression analysis. Body weights were recorded at the start and at the end of each experimental period. After killing, the liver and visceral fat were rapidly excised and rinsed in ice-cold saline. Body weights were measured only at 6 months of age. All excised organs were then fixed with 10% neutral-buffered formalin and embedded in paraffin for histological analysis. Selected liver samples were also made into frozen sections.
Histopathological and Immunohistochemical Analyses
The formalin-fixed, paraffin-embedded tissues were processed and 4-mm-thick serial sections were cut and stained with hematoxylin and eosin (HE) or Azan for fibrosis, while Sudan IV with hematoxylin counterstaining was used on frozen 5-mm-thick sections for lipid analysis. Liver histology was scored using the system proposed by the NASH Clinical Research Network 15 based on four semiquantitative items: steatosis (0-3), lobular inflammation (0-3), hepatocellular ballooning (0-2), and fibrosis (0-4). Three representative areas were scored in each section and the average values were used as the final score. The sum of the steatosis, lobular inflammation, and hepatocellular ballooning scores constituted the NAFLD activity score (NAS) ( Table 1) . A NAS value Z5 was consistent with a diagnosis of NASH, while NAS o3 ruled out a diagnosis of NASH. The degree of liver fibrosis was evaluated using Azan staining. The following primary antibodies were used for immunohistochemical analysis: rat anti-mouse monoclonal antibodies for Mac2 as a marker of macrophages (1:100 dilution; Cedarlane, ON, Canada), CD8 (1:20 dilution; Acris Antibodies, Hiddenhausen), tumor necrosis factor (TNF)-a (1:50 dilution; Monosan, Uden, The Netherlands), interleukin (IL)-6 (1:20 dilution; R&D Systems, MN), rabbit polyclonal antibodies for glutamine synthetase (1:500 dilution; Millipore, CA), 4-hydroxy-2-nonenal (4-HNE as a marker of oxidative stress) (1:30 dilution; Nikken Seil, Japan), p62 as a marker of Mallory bodies (1:3000 dilution; Biomol International, PA), myeloperoxidase as a marker of neurtorophils (1:100 dilution; Dako, Denmark), Cytochrome P450 2E1 (CYP2E1) (1:100 dilution; Biomol International), and glutathione s-transferase pi (1:50 dilution; Novocastra, UK). Briefly, the sections were incubated with the primary antibodies in a wet chamber for 60 min or more at room temperature. After rinsing with Tris-buffered saline containing 0.1% Tween (TBS-T), the sections were incubated with EnVision Peroxidase (PO) (for rabbit polyclonal antibodies) (Dako, Japan) or Histone simple stain MAX-PO (for rat monoclonal antibodies) (Nichirei, Japan) for 60 min or more at room temperature. After rinsing in TBS-T, 3,3 0 -diaminobenzidine (Sigma, Steinheim, Germany) was applied as a substrate for the PO.
RNA Preparation and Real-Time PCR
The mRNA expression of five genes related to inflammatory cytokines (TNF-a and IL-6) and transcription factors that participate in the development of hepatic steatosis (peroxisome proliferator-activated receptor alpha (PPARa), PPARg, and sterol regulatory element-binding protein-1 (SREBP1)) were assessed by real-time PCR. Total RNA was isolated from the liver and visceral fat samples by using Isogen reagent (Nippon Gene, Japan). Complementary DNA was synthesized from 500 ng of total RNA by using a ReverTra Ace s qPCR RT Master Mix with gDNA Remover (Toyobo, Japan). PCR reactions and analyses were carried out using a LightCycler s Nano System (Roche, Japan) with denaturation for 10 min at 95 1C, followed by 45 PCR cycles of denaturation at 95 1C for 10 s, annealing at 60 1C for 10 s, and extension at 72 1C for 15 s. All primers used for analysis were designed at Sigma-Aldrich (Japan). The primer sequence details are presented in Supplementary Table 1 . [16] [17] [18] The amount of mRNA was calculated using glyceraldehyde-3-phosphate dehydrogenese as an endogenous control.
Statistical Analyses
Values are expressed as mean ± s.e.m. Means were compared using the Mann-Whitney U-test. Po0.05 was considered statistically significant.
RESULTS

Histopathological Imaging of Visceral Fat
When compared with the visceral fat per body weight ratio at 6 months of age, TSOD mice had significantly greater ratios than TSNO mice of the same age (Table 2) . In TSOD mice, visceral fat was remarkably enlarged compared with subcutaneous fat. Crown-like structures (CLSs), composed of Mac-2-positive macrophage aggregates, were also observed in some places in all 4-month-old mice ( Figure 1a and Supplementary Figure 1 ). On the other hand, lipid droplets obtained from TSNO mice were smaller compared with those obtained from TSOD mice, and CLSs were occasionally observed at 6 months of age ( Figure 1b) . Moreover, perivascular and pericapsular lymphoid aggregations were occasionally observed in 4-month-old TSOD mice ( Figure 1c ). Immunohistochemically, these aggregated lymphocytes were mainly CD8-positive cells at 6 months of age ( Figure 1d and Supplementary Figure 2 ). In addition, the macrophages that composed the CLSs expressed pro-inflammatory cytokines such as TNF-a ( Figure 1e ) and IL-6 ( Figure 1f ) in 6-month- 
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Histopathological Imaging of the Liver
The liver weight per body weight ratio in TSOD mice at 6 months of age was significantly greater compared with that in TSNO mice (Table 2) . In TSOD mice, microvesicular fatty changes were recognized in the hepatocytes in zone 3 of 4-month-old mice. Scattered hepatocellular ballooning degeneration and Mallory bodies were also observed. At around 6 months of age, macro-and microvesicular steatosis (Figures 2a and b) , hepatocellular ballooning degeneration (Figure 2c ), and Mallory bodies (Figure 2d and Supplementary Figure 3) were worse than those observed in 4-month-old mice. In addition, neutrophil aggregation and necroinflammatory changes were observed sporadically in 6-month-old mice (Figures 2e and f) . In 12-month-old mice, micro-and macrovesicular steatoses were frequently observed in the liver (Figure 2g ). Although steatosis was observed in 14-month-old mice, its appearance ratio subsequently decreased. Necroinflammation and ballooning degeneration were observed to various degrees. Moreover, slight fibrosis was also observed after 12 months of age although there was individual specificity (data not shown). Interestingly, well-demarcated, whitish-yellow liver nodules were frequently observed (Figure 3a) . These nodules were composed of trabecular arrangements of atypical hepatocytes without portal tractsinside (Figures 3b and c) . They were diagnosed as dysplastic nodules. After 12 months of age, the frequency of the liver nodules increased with time. Most liver nodules in mice over 16 months of age were yellow or green and irregularly shaped (Figures 3d and e) . Pathologically, these nodules were composed of atypical hepatocytes with higher cellularity and structural atypia in a thick trabecular or pseudoglandular pattern (Figures 3f and g ). Moreover, glutamine synthetase and GST-pi, which are one of the useful markers of differential diagnosis for HCC, 19, 20 were expressed in these areas ( Figure 4 and Supplementary Figure 4) . These liver nodules shared a number of pathological characteristics with human HCC. Interestingly, the degree of steatosis in the non-tumor portions of the liver improved when the liver nodules developed ( Figure 5 ). On the other hand, these characteristics, including steatosis, ballooning degeneration, fibrosis, and liver nodules, were not observed in TSNO mice.
Evaluation of NAS Score
In TSOD mice, although the prevalence of an NAS score Z3 gradually increased till 12 months of age, this rate decreased in TSOD mice older than 14 months. Some 12-month-old TSOD mice showed a NAS score of Z5. On the other hand, both 6-month-old and 12-month-old TSNO mice had NAS scores r1. There was no definitive evidence of NAFLD in the TSNO mice (Table 3) .
Validation of Gene Expression with Real-Time PCR Visceral fat mRNA levels for TNF-a and IL-6 were significantly increased in TSOD mice compared with TSNO mice at 12 months of age (Figures 6a and b) . These data 
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suggest that an overexpression of TNF-a and IL-6 was induced in enlarged adipocytes. Hepatic mRNA levels for PPARg were significantly increased in TSOD mice compared with TSNO mice at 12 months of age (Figure 6c ). Hepatic mRNA levels for PPARa and SREBP1 were also elevated in TSOD mice at 12 months of age compared with TSNO mice (Figures 6d and e) , although significant differences were not observed.
DISCUSSION
NAFLD and its progressive state, NASH, are believed to be the phenotypes of metabolic syndrome in the liver, and the number of patients affected by these two conditions is constantly increasing. In Japan, 10-30% of the population with metabolic syndrome is believed to have NAFLD accompanying metabolic syndrome, and 10% of this population is presumed to have NASH. 21 Although there are many unclear points regarding the pathogenic mechanism of NASH, the two-hit theory, according to which fat first accumulates in hepatocytes as a consequence of overeating, hyperlipidemia, and other factors, and then the pathological condition progresses because of the second hit, such as oxidative stress, is widely accepted. 3 As effective treatments for NASH have not yet been established, dietary counseling and therapeutic New spontaneous animal model of NASH T Nishida et al exercise are usually considered as the first options. [22] [23] [24] However, adhering to a continuous and strict therapy based on lifestyle improvements is difficult, and the response rate is not always high. In the case of NASH with a background of metabolic syndrome, administration of medications that treat underlying diseases, such as diabetes and obesity, has also been attempted. However, in large-scale clinical trials of pioglitazone, the effects remain uncertain because, for example, simultaneous weight gain with improvement of liver damage has been reported. [25] [26] [27] An excellent animal model is urgently required to investigate the disease mechanism and determine prompt remedies. Various kinds of animal models have been proposed; however, most of them are quite artificial owing to inheritable genetic modifications or the necessity of a special diet that lacks several essential amino acids. 7 In addition, almost all of these models did not develop obesity or metabolic syndrome similar to humans. We recently proposed an MSG-induced mouse model of NASH based on obesity, type-2 diabetes, and hyperlipidemia. In brief, neonatal subcutaneous injection of MSG induces obesity, type-2 diabetes, and hyperlipidemia in mice till 3-4 months of age without any other special treatment. All male MSG mice showed marked steatosis, lobular inflammation, Mallory bodies, and hepatocellular ballooning in 4-6 months of age, which are identical to the pathological findings observed in humans with NASH. In addition, dysplastic nodules were frequently observed around 12 months of age. MSG mice were excellent NASH animal models and showed a disease process similar to that observed in human NASH patients. 11 However, the disease mechanism with regard to why neonatal MSG injection induces metabolic syndrome is still unclear. TSOD mice were established as an inbred line in 1992 by Suzuki et al. 14 in Japan and some of their clinical diabetic characteristics have been described. Only male TSOD mice showed spontaneous obesity, glucosuria, hyperglycemia, and hyperinsulinemia. 14 Miura et al. 12 reported that the insulinstimulated translocation of glucose transporter (GLUT)-4 from low-density microsomal membranes to plasma membranes was reduced in both the skeletal muscle and adipose tissue of TSOD mice and that the reduced insulin sensitivity was presumably owing to this impaired GLUT-4 translocation in both the skeletal muscle and adipocytes. Using a genome-wide screen for loci linked to glucose homeostasis and body weight in TSOD mice, Hirayama et al. 28 mapped three quantitative trait loci involved in diabetes mellitus. The major genetic determinants of blood glucose levels, insulin levels, and body weight were identified on chromosome 11, chromosome 2, and chromosome 1 and 2, respectively. In addition, Iizuka et al. 29 reported that TSOD mice showed spontaneous non-insulin-dependent diabetes mellitus with severe motor neuropathy and hypertrophy of pancreatic islets owing to proliferation and swelling of b cells. On the other hand, morphological evidence found in the livers of male TSOD mice has not yet been investigated in detail. In the present study, we attempted to clarify the morphological characteristics of the liver and visceral fat in male TSOD mice.
Interestingly, male TSOD mice developed not only remarkable obesity and diabetic symptoms but also steatohepatitis, including zone 3 microvesicular fatty changes, hepatocellular ballooning degeneration, Mallory bodies, and inflammatory cell infiltration such as neutrophil aggregation after 4 months of age. These findings suggest that the livers of TSOD mice have histopathological characteristics similar to New spontaneous animal model of NASH T Nishida et al those found in humans with NASH, although liver fibrosis was weakly present in histopathological evaluations in old TSOD mice. It has been reported that PPARg is an important determinant of hepatic fat accumulation and that hepatic PPARg expression is increased in experimental models of fatty liver disease. [30] [31] [32] In the present study, 12-month-old TSOD mice exhibited increased hepatic mRNA levels for PPARg compared with TSNO mice of the same age. Furthermore, the hepatic staining intensity by CYP2E1 immunostaining is slightly greater in TSOD mice than in TSNO mice at both 6 and 12 months of age (Supplementary Figure 5) . Thus far, it has been reported that blood TG levels in TSOD mice are greater than those in TSNO mice. 29, 33 These data suggest that the hepatic dysfunction observed early in time is associated with the development of fatty liver disease in TSOD mice. In the visceral fat, enlargement of adipocytes, perivascular and pericapsular CD8-positive lymphoid aggregations, and CLSs with macrophage aggregation were observed after 4 months of age. Recently, Nishimura et al. 34 reported that CD8-positive lymphocytes contributed to macrophage recruitment and adipose tissue inflammation. Our results also showed that CD8-positive cells were associated with recruitment of macrophages and that adipose tissue with the macrophage aggregations was in a continuous state of inflammation owing to be secreted various pro-inflammatory cytokines. In fact, expression of inflammatory cytokines, such as TNF-a and IL-6, also increased with increasing mRNA levels. Moreover, the macrophages that compose the CLSs had aberrantly expressed 4-HNE, which indicates local oxidative stress. As blood from visceral fat runs through the liver via the portal vein, oxidative stress-induced cytokines produced in other tissues may accumulate in the liver. Following lipid accumulation in the livers of male TSOD mice, additional second hits, such as oxidative stress, may cause the liver pathology to develop into NASH, similar to that observed in humans. Abbreviations: NAS, NAFLD (nonalcoholic fatty liver disease) activity score; TSNO, Tsumura Suzuki no obesity; TSOD, Tsumura Suzuki obese diabetes. Figure 5 Time course of average score of steatosis estimated by NAFLD activity score (white columns) and proportion of tumor appearance (black columns) in TSOD and TSNO mice. Steatosis in the liver has been improved when the age of TSOD mice were passed over 12 months. On the other hand, the liver nodules frequently appeared after 12 months of age in TSOD mice.
New spontaneous animal model of NASH T Nishida et al TSOD mice developed liver tumors following steatohepatitis after 12 months of age. Demarcated nodules that were whitishyellow or greenish in color were composed of atypical hepatocytes. Most of these nodules showed similar pathological findings to dysplastic nodules found in humans. Several liver nodules in 14-month-old mice demonstrated a thick trabecular or pseudoglandular pattern with various kinds of nuclear atypia. Glutamine synthetase, overexpressed in these liver nodules area, has been reported as a target of b-catenin signaling, which is implicated in the development of HCC. 35, 36 Hepatocellular adenoma (HCA), including b-cateninactivated HCA subtype, is known as a benign liver neoplasm; however, this HCA subtype has an increased risk of malignant transformation, compared with the other subtypes. 37 Thus, we should possibly take into consideration that the liver nodules of TSOD mice are developed from b-catenin-activated HCA to HCC. In any case, these pathological findings were similar to human patients, taken together, the liver nodules of TSOD male mice may exhibit dysplastic nodule-carcinoma sequences. Interestingly, the degree of steatosis improved inversely as liver nodules developed. Similar findings were also observed in male MSG mice and galectin-3-knockout mice. 11, 38, 39 The characteristic histological features of steatohepatitis, such as steatosis or necroinflammatory changes, were often totally absent in the end stage in NASH patients. This phenomenon is known as 'burn-out NASH' . [40] [41] [42] TSOD mice may share the same mechanism as burn-out NASH.
In conclusion, TSOD male mice spontaneously developed NASH and HCC owing to obesity, type-2 diabetes, and hyperlipidemia. Neither gene alteration nor a special diet was required in this model, so we conclude that male TSOD mice are a valuable model for examining disease mechanisms and drug effectiveness. Figure 6 TNF-a (a) and IL-6 (b) mRNA levels in visceral fat and PPARg (c), PPARa (d), and SREBP1 (e) mRNA levels in liver. The mRNA levels were determined by real-time PCR, normalized to glyceraldehyde-3-phosphate dehydrogenase, and expressed as folds of induction relative to that in TSNO mice at 1 month of age (3-6 mice in each group). *Significantly different from TSNO mice of the same age with a Po0.05. PPAR, peroxisome proliferator-activated receptor; SREBP, sterol regulatory element-binding protein.
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